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Abstract 
Hybridization with wild relatives of crops has been an important tool for incorporating traits 
such as disease resistance into many crops, but has not been utilized in soybean (Glycine max), 
besides a few examples involving its ancestor, G. soja.  G. tomentella (2n=78) is a wild, perennial 
relative in the tertiary gene pool of cultivated soybean G. max (2n=40).  G. tomentella has been 
shown to have high levels of resistance to several diseases, including soybean rust and soybean 
cyst nematode.  We successfully created hybrids of these two species and developed partially 
fertile amphidiploid plants with 2n=118 with the use of colchicine, hormone treatments, and 
tissue cultures.  After two to five backcrosses with the cultivar Dwight, we obtained genetically 
stable lines with 2n=40 and 2n=42.  Phenotypic evaluation of plant height, maturity, and seed 
protein and oil concentration, confirm introgression of G. tomentella genes.  Genotypic data 
obtained using a custom single-nucleotide polymorphism (SNP) GoldenGate array also showed 
introgression of G. tomentella genes across most G. max chromosomes. 
From a screening of 543 2n=40 lines, we identified two alleles among 34 lines with resistance 
to Phytophthora sojae.  In tests comparing our resistant lines with known sources of resistance to 
Phytophthora root rot, one allele performed similarly to the resistance gene, Rps1k.  An allelism 
test confirmed that this allele is allelic or tightly linked to the Rps1 locus.  Other G. max x G. 
tomentella lines, coming from a different BC2 progenitor, performed similarly to Rps1a. 
Using greenhouse evaluations of 84 lines, we also identified partial resistance to Fusarium 
virguliforme, the causal agent of sudden death syndrome.  Our best lines performed nearly as well 
the publicly available commercial cultivars, Cordell and LS94-3207, though not as well as the 
best check, PI 567374. 
Both of these traits significantly improved the disease resistance of Dwight, which showed no 
Phytophthora root rot or sudden death syndrome resistance in our experiments.  Our results 
demonstrate the successful introgression of G. tomentella genes into G. max. 
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Chapter 1 
 Literature review on the wide hybridization of important food 
legumes 
Maintaining genetic variability is a recognized part in any breeding program.  A broad genetic 
base is important for continued genetic gains (Fehr, 1991).  Wild progenitor and related species of 
domesticated crops provide some of greatest phenotypic and genetic diversity available to plant 
breeders through wide hybridization.  The classification of such species into “gene pools,” as 
defined by Harlan and de Wet (1971) is a useful tool to describe the relationship between a crop 
and its relatives.  Gene pools were conceptualized as a means to avoid the perpetual “species 
problem” of traditional Linnaean taxonomy (de Queiroz and Donoghue, 1988), especially for use 
in cultivated plants.  In Harlan and de Wet’s informal system, species are classified as being part 
of the primary (GP-1), secondary (GP-2), and tertiary (GP-3) gene pools based on plant breeders 
experience with the rate of successful hybridization.  Crosses with GP-1 species produce fertile 
hybrids; crosses with GP-2 species produce hybrids that have some fertility making genetic 
transfer possible, but difficult; and crosses with GP-3 species produce hybrids that are lethal or 
totally sterile and gene transfer is not possible without extraordinary techniques.  These 
techniques include embryo culture, grafting, and chromosome doubling as mentioned by Harlan 
and De Wet (1971).  Other techniques not involving fertilization were developed after the 
conceptualization of “gene pools,” and it is debatable whether such techniques would still be 
considered GP-3.  Such techniques include somatic hybridization, chromosome engineering, and 
genetic transformation (i.e. transgenics).  While somatic hybridization (Kihara et al., 1992) and 
transgenic (Padgette et al., 1995) examples are present in soybean, these were excluded from this 
review.  According to this classification, we consider Glycine max to have a GP-1 including 
cultivars, landraces, and Glycine soja; no GP-2; and a GP-3, which includes 26 wild perennial 
Glycine species (Chung and Singh, 2008).  This review discusses the use of tertiary germplasm 
(GP-3) in breeding programs, focusing on legumes.  Where tertiary germplasm was not clearly 
delineated, progeny developments requiring human intervention by techniques such as embryo 
rescue or chromosome doubling were included. 
The use of wild relatives, including GP-3, of many crops was reviewed by Prescott-Allen and 
Prescott-Allen (1983), and more recently by Hajjar and Hodgkin (2007) for the CGIAR mandate 
crops.  The use of interspecific hybrids has varied greatly among crops.  Interspecific crosses are 
favored under the following conditions: crossability barriers are low; a wild trait of interest is 
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economically important and absent from available germplasm; and the introgression of the target 
trait and recovery of a domesticated habit are easy.  Such major crops that meet these conditions 
and have been used extensively in wide hybridization include tomatoes (Solanum lycopersicum; 
Picó et al., 2002), potatoes (Solanum tuberosum; Ortiz, 2010), common wheat (Triticum 
aestivum; Lukaszekwsi, 2000), rice (Oryza sativa; Brar and Khush, 1997), and Brassica crops 
(Osborn et al., 2007).  Disease resistance traits have been by far the most common introgressions, 
though there are also important examples involving abiotic stress tolerance (Hajjar and Hodgkin, 
2007; Prescott-Allen and Prescott-Allen, 1983).  In contrast, progress has been limited in 
legumes.  Valuable characteristics exist among legume relatives, but attempts to introgress these 
traits into productive cultigens have been challenging (Prescott-Allen and Prescott-Allen, 1983).  
Conversely, other crops, such as wheat, in crosses with their GP-3 relatives have been able to 
overcome these challenges.  Rye (Secale cereale), for example, has historically and regularly 
contributed to the common wheat germplasm, even for yield (Lukaszewski, 2000).  Nevertheless, 
several notable examples have been produced recently in peanut (a.k.a. groundnut, Arachis 
hypogaea) and common bean (Phaseolus vulgaris). 
1.1 Peanut 
In peanut, the Arachis relatives used have been described as GP-2 (Mallikarjuna, 2003).  
However, because chromosome doubling is required for some hybridizations, these species could 
be considered GP-3.  Several pathways for introgression have been described, but the 
“triploid/hexaploid” and the “diploid/tetraploid” methods have been used most extensively 
(Simpson, 2001).  Germplasm lines have been released through both methods, but commercial 
cultivars have only been developed with the diploid/tetraploid method. 
The “triploid/hexaploid” method directly crosses tetraploid A. hypogaea (2n=4x=40) with a 
diploid Arachis relative (2n=20; Simpson, 1991; Simpson, 2001).  Fertility of the triploid is 
recovered through chromosome doubling with colchicine.  The resulting hexaploid is 
subsequently serially self-fertilized or backcrossed with A. hypogaea until recovery of a stable 
2n=4x=40 state is achieved (Simpson, 1991; Simpson, 2001).  Several germplasm lines utilizing 
this method have been released to breeders, with documented multiple disease and insect 
resistance (Moss et al., 1997); root-knot nematode resistance (Stalker et al., 2002a); insect 
resistance (Stalker and Lynch, 2002); and leaf spot resistance (Stalker et al., 2002b).  The 
relatives used in these lines were all A. cardenasii, except for one line from Singh et al. (2003) 
using A. villosa. 
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A second procedure, the “diploid/tetraploid” method, begins with a crossing of two wild 
diploid species (2n=2x=20), followed by colchicine treatment to create a 2n=4x=40 
amphitetraploid (Simpson, 1991; Simpson, 2001).  The amphiploid may then be hybridized with 
A. hypogaea, producing a tri-species hybrid.  This method is most effective when A. batizocoi is 
one of the diploid species, because it possesses the BB genome.  A. hypogaea possesses both A 
and B genomes (AABB), and almost all other diploid Arachis species have AA genomes.  Several 
germplasm lines with leaf spot and root-knot nematode resistance (Simpson et al., 1993); 
multiple disease and insect resistances (Reddy et al., 1996); and rust and late leaf spot resistance 
(Singh et al., 2003) have been released.  Three cultivars, COAN (Simpson and Starr, 2001), 
NemaTAM (Simpson et al., 2003), and Tifguard (Holbrook et al., 2008) all derived from the 
germplasm line TxAG-6 of Simpson et al. (1993), have also been registered using this method.  
Arachis relatives, including A. batizocoi, A. duranensis, and A. stenosperma contributed to these 
lines.  The cultivars are backcross-derived lines with introgressions from A. diogoi, and A. 
batizocoi, and root-knot nematode (RKN, Meloidogyne arenaria) resistance derived from A. 
cardenasii.  However, despite near-immunity to RKN, and A. hypogaea germplasm lacking RKN 
resistance, cultivars COAN (Simpson and Starr, 2001) and NemaTAM (Simpson et al., 2003) 
were not utilized commercially because they lacked resistance to tomato spotted wilt virus 
(TSWV) that was necessary for southeastern US markets (Rich and Tillman, 2009).  Fortunately, 
Tifguard (Holbrook et al., 2008) was recently released pyramiding RKN resistance from COAN 
with TSWV resistance from C-99R (Gorbet and Shokes, 2002).  Tifguard has since become one 
of the top five varieties grown between 2009 and 2011 (Hollis, 2011), with 14% of the 
southeastern US acreage in 2009 (Kichler and Beasley, 2010).  Molecular markers for RKN were 
developed (Burow et al., 1996; Church et al., 2000), but they were only used for marker assisted 
selection in NemaTAM (Simpson et al., 2003). 
1.2 Common bean 
Common bean has had a long history of attempts to make use of its relatives including the 
tertiary gene pool.  It is fortunate that many domesticated Phaseolus relatives have the same 
chromosome number (2n=2x=22).  While wide hybridization introgressions are limited 
(Debouck, 1999, p. 36), breeding for common bacterial blight (CBB; caused by Xanthomonas 
axonopodis) resistance has been successful.  Despite the diversity of P. vulgaris germplasm, 
resistance to CBB is, at best, found at moderate levels (Singh and Muñoz, 1999).  Thus, breeders 
have long looked to its relatives, including the scarlet runner bean (P. coccineus) of GP-2 with 
higher levels of resistance, and the tepary bean (P. acutifolius) of GP-3 with the highest levels of 
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resistance (Singh and Muñoz, 1999).  Resistance is particularly common among tepary bean 
domesticates with nearly 25% of wild and over 80% of cultivated tepary bean accessions showing 
resistance (CIAT, 1996). 
Early P. vulgaris (cv. Montana No. 5) x P. acutifolius (Tepary #4) hybrids were produced by 
Honma (1956) in the 1950s.  Embryo rescue and in vitro culture of F1 seeds were required, 
though later generations were reported to be self-fertile and produce viable seeds.  A CBB 
resistant cultivar, Great Northern Nebraska No. 1 (GN #1) came out of this cross (Coyne and 
Schuster, 1974).  GN #1 was and remains an important source of CBB resistance (Asensio et al., 
2005; Silva et al., 2003) and it was long assumed the resistance was derived from the tepary bean 
parent (Miklas et al., 2003).  However, evidence disputed this assumption, and Miklas et al. 
(2003) demonstrated conclusively using genotypic data that the CBB resistance was derived 
primarily, if not entirely, from the common bean parent.  Furthermore, a marker analysis showed 
very few contributions of Tepary #4 to GN #1, suggesting much of P. acutifolius genome was 
excluded, likely through a combination of genetic incompatibilities and selection for the common 
bean phenotype (Miklas et al., 2003).  Thus, despite the importance of GN #1, it is unclear how 
much, if any, of its P. acutifolius contribution is of agronomic significance. 
More recent work has generated newer P. vulgaris x P. acutifolius hybrids with CBB resistance 
derived from P. acutifolius.  In addition to embryo rescue, backcrossing was also necessary to 
recover fertility (Singh and Muñoz, 1999; Thomas and Waines, 1984).  Vegetative propagation of 
the F1 generation also likely helped by producing greater numbers of plants and inducing new 
shoots on older plants (Thomas and Waines, 1984).  No cultivars came out of this program for 
nearly two decades (Miklas et al., 2003), but germplasm (Miklas et al., 2006a; Miklas et al., 
2006b; Mutlu et al., 2005; Mutlu et al., 2008; Singh et al., 2001) and several cultivar (Beaver et 
al., 2008; Kelly et al., 2009) registrations have now been made.  The use of markers to pyramid 
CBB resistance QTLs, from P. vulgaris (particularly GN #1) and P. acutifolius has likely been an 
important development for success.  This is particularly important for the common bean, because 
of the need for a large number market classes, including dry (Singh et al., 2001), dark red kidney 
(Miklas et al., 2006a), pinto (Mutlu et al., 2005), Great Northern (Mutlu et al., 2008), white 
kidney (Miklas et al., 2006b), white (Beaver et al., 2008) and black (Kelly et al., 2009) beans.  
Greenhouse and field testing for CBB resistance in selfing generations are still required, because 
only two confirmed sequence characterized amplified region (SCAR) markers linked to CBB 
resistance were available at the time (Mutlu et al., 2005).  Undoubtedly more QTL exist across 
the range of parents of these various lines, since several lines have more than one BCC resistant 
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P. acutifolius parent (Singh and Muñoz, 1999).  In addition, Haghighi and Ascher (1988) first 
employed congruity backcrossing where P. acutifolius and P. vulgaris were alternated as 
backcross parents as a means to improve P. acutifolius introgression while improving fertility.  
There was still a preferential selection for the P. vulgaris genome, as observed in GN #1, but this 
method appeared to improve introgression from P. acutifolius (Mejía-Jiménez et al., 1994).  In 
particular, the interspecific line XAN159 displayed the highest levels of introgression (14.2% P. 
acutifolius), and was in the pedigree of many of the registered lines previously mentioned 
(Muñoz et al., 2004). 
In addition to CBB resistance, P. acutifolius is known to have other useful traits including 
drought tolerance and insect resistance to the bruchid beetles (Acanthoscelides obtectus and 
Zabrotes subfasciatus).  This resistance has been transferred into common bean and molecular 
data on proteins and DNA have been obtained (Mbogo et al., 2009). 
The results from peanut and common bean emphasize certain themes common to successful 
wide hybridizations.  The costs in overcoming the challenges of wide hybridization must be met 
by the economic value of the traits introgressed.  The traits need to be novel and be substantially 
superior to available germplasm.  Both root-knot nematode of peanuts and common bacterial 
blight of common bean were important pests that available germplasm lacked substantial 
resistance against.  It is also important to be able to develop cultivars that meet market demands, 
as demonstrated by the failure of NemaTAM and COAN peanuts to incorporate tomato spotted 
wilt virus and subsequent success of Tifguard.  Finally, complex and creative crossing pathways 
and molecular markers can help improve the interspecific introgression and overcome challenges.  
Wide hybridization in soybeans and other crops must also meet these goals to produce useful 
introgressions. 
1.3 Soybean 
In soybean, despite wide hybridization experiments dating back to 1979 (Broué et al., 1979; 
Ladizinsky et al., 1979), no cultivars have had introgressions from the perennial Glycine species 
of the GP-3 (Ratnaparkhe et al., 2011).  Hybrids have been produced between G. max and the 
perennial species, G. argyrea (Grant et al., 1986), G. canescens (Broué et al., 1982), G. 
clandestine (Singh et al., 1987), G. falcata (Newell et al., 1987), G. tabacina (Newell et al., 
1987), and G. tomentella (Bodanese-Zanettini et al., 1996; Chung and Kim, 1990; Newell et al., 
1987).  In some instances, synthetic amphidiploids of two wild species followed by chromosome 
doubling with colchicine were used (Broué et al., 1982; Grant et al., 1986).  Unfortunately, the 
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majority of these hybrids did not progress beyond the F1 or amphidiploid stages due to sterility or 
poor vigor.  A summary of various hybridization attempts between G. max and its perennial 
relatives may be found in other reviews (Chung and Singh, 2008; Hymowitz, 2004; Ratnaparkhe 
et al., 2011; Singh et al., 2007). 
Several useful traits have been previously identified in G. tomentella and derived plants, 
including traits rare or absent from G. max germplasm (reviewed in Chung and Singh, 2008; 
Singh, 2010).  Such traits are particularly of interest in wild relatives as they justify the time and 
resources often required to make wide hybridizations.  Traits reported in G. tomentella accessions 
include disease resistances to soybean rust (Phakopsora pachyrhizi, Hartman et al., 1992; Schoen 
et al., 1992), soybean cyst nematode (Heterodera glycines, Riggs et al., 1998; Patzoldt et al., 
2007), bean pod mottle virus (Zheng et al., 2005), sclerotinia stem rot (Sclerotinia sclerotiorum, 
Hartman et al., 2000), and sudden death syndrome (Fusarium virguliforme, Hartman et al., 2000).   
Embryo rescue, colchicine treatments, and backcrossing were recognized from the start as steps 
likely to be important for hybridizing G. max and G. tomentella (Broué et al., 1982; Ladizinsky et 
al., 1979).  Thus, refining these procedures and persistence in overcoming poor fertility were 
most important in most advances, rather than novel techniques.  G. tomentella was identified 
early on by Ladizinsky et al. (1979) as the most compatible species to cross with G. max, 
compared to other Glycine perennials, where they achieved both the highest rate of pod set and 
pod size when pollinating a G. max female.  G. tomentella is better described as a species 
complex, because individual plants have varying chromosome numbers of 2n=38, 40, 78, 80, 
divergent genomes, and can be further subdivided into five diploid and six tetraploid races, each 
of which could be considered a species based on reproductive isolation (Doyle et al., 2004).  The 
allotetraploid (2n=78) displayed the highest crossability with G. max in the work of Newell and 
Hymowitz (1982), and most efforts have pursued 2n=78 accessions since then.  Similarly, Broué 
et al. (1982) successfully produced F1 hybrid plants crossing G. max to a 2n=78 synthetic 
amphiploid between G. tomentella (2n=38) x G. canescens (2n=40).  They failed to produce 
direct G. tomentella x G. max hybrids in that study, though it is unclear whether 2n=78 accessions 
were used.  The first fertile amphiploids G. max x G. tomentella (2n=118) reported were by 
Hymowitz and Singh (1984) and later by Newell et al. (1987), both of whom doubled 
chromosome numbers of F1 hybrids (2n=59) grafted onto soybean using colchicine (Cheng and 
Hadley, 1983).  However, these plants were hindered by poor fertility, and even the best plants 
only produced mostly one-seeded self-fertilizing pods (Newell et al., 1987).  Shriveled seeds also 
suggested chromosome instability (Newell et al., 1987).  These factors hindered attempts to 
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produce backcrosses.  Also, extensive efforts with other perennial Glycine species by this time 
demonstrated that G. tomentella was clearly the easiest to cross to soybean (Newell et al., 1987).  
A major breakthrough came with the addition of hormone sprays on pods to vastly improve pod 
retention, in addition to further refinements of embryo rescue media and procedures (Singh et al., 
1987).  These advances helped produce the initial BC1 plants (Singh et al., 1990) and later 
backcross generations of varying chromosome counts (Singh et al., 1993; Singh et al., 1998).  
Stable plants with the G. max chromosome number, 2n=40, ranged from the BC3 to BC6 
generations.  In these early experiments, backcross derived lines were obtained from a cross using 
the cultivar Clark 63 and the G. tomentella accession PI 483218.   More recent modifications 
include a colchicine procedure that induced chromosome doubling in plantlets rather than grafted 
plants (Singh, 2010).  Details of development can be found in the patent application by Singh 
(2010). 
Other attempts to cross soybean and G. tomentella have been made and are reviewed by Singh 
(2010), where similar methods, but different parent materials, were used.  None of these 
progressed beyond the F1 or amphiploid stages, with one notable exception.  Shoemaker et al. 
(1990) recovered 2n=40 F2 and F3 plants from the branch of an amphidiploid (Newell et al., 
1987).  It was observed that G. tomentella chromosomes had been eliminated, though some G. 
tomentella genomic regions were retained.  However, there have been no reports replicating this 
spontaneous event.  Hybridization has also been attempted using somatic protoplast fusion, and 
much wider hybrids have been obtained in this manner than through crossing.  Successful hybrids 
with G. max have included Nicotinia gluaca (Kao, 1977), Oryza sativa (Niizeki et al., 1985), and 
Lotus corniculatus (Kihara et al., 1992).  However, protoplast fusion has not contributed to 
soybean breeding. 
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Chapter 2 
Evaluation of fertile Glycine max x Glycine tomentella derived 
lines for variation in maturity, height, and seed composition 
2.1 Introduction 
We report here evaluations of G. max x G. tomentella derived lines for changes in maturity, 
height, and oil and protein concentration.  Near-white flowers were also observed and genetic 
studies were performed.  Several other distinctive traits and off-types were also found among 
lines, particularly those with a 2n=42 progenitor, and are briefly described.  Genotypic data using 
a single-nucleotide polymorphism (SNP) array of several lines provided a visualization of genetic 
introgression from G. tomentella into a G. max background.  Our experiments demonstrate the 
successful introgression of genes from G. tomentella into G. max.  
2.2 Materials and Methods 
2.2.1 Development of fertile Glycine max x G. tomentella lines 
Methodology to produce fertile plants with 2n=40 chromosomes from soybean cv. Dwight 
(2n=40) x G. tomentella PI 441001 (2n=78) is described by Singh (2010) including procedures 
for extracting immature seeds and media composition for culturing these seeds.  The basic 
procedure is outlined in Figure 2.1.  Briefly, young flower buds (prior to anthesis) of Dwight 
were emasculated and gynoecia were pollinated with pollen from newly opened flowers of PI 
441001.  Putative hybrid gynoecia were sprayed with a growth hormone mixture containing 100 
mg gibberellic acid (GA3), 35 mg naphthalene acetic acid (NAA), and 5 mg kinetin per liter 
distilled water 24 hours post-pollination once a day for 19-21 days.  Pods were removed 
physically and immature yellow-green seeds were cultured in seed maturation (SM) media to 
develop callus, allowing the production of multiple embryos per seed.  Seeds were transferred to 
fresh medium every 2 to 3 weeks and continued until the embryo turns yellow-green and callus 
material develops, after about three months.  Germinating seeds were transferred to embryo and 
shoot regeneration (C5) media.  Developing shoots were transferred to the rooting medium and 
eventually developing seedlings were planted in pots with soil and moved to greenhouse (Singh, 
2010).  
An amphidiploid plant (2n=118) was produced by treating F1 hybrid shoots with 0.1% 
colchicine in culture.  Chromosome doubling was verified using Feulgen staining technique 
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(Singh, 2003).  Amphidiploid plants were sterile and backcrossed to Dwight.  BC1 plants with 
2n=79 chromosomes were produced through the immature seed rescue procedure.   All 
backcrosses involving Dwight were derived from a single Dwight plant grown in greenhouse in 
2002 to reduce any heterogeneity normally present in the cultivar Dwight, which was originally 
an F4-plant selection (Nickell et al., 1998).  All of the lines reported here were derived from two 
BC2F1 plants (06H1-1, 2n=58; 06H1-3, 2n=56).  The production of the BC2 generation required 
seed rescue and hormone treatment.  However, in later generations of backcrossing or selfing, 
culturing was not usually employed.  Each generation of backcrossing eliminated a variable 
number of G. tomentella chromosomes.  We were able to obtain plants with 42, 41, or 40 
chromosomes by the BC3 to BC5 generations.  Progenies of plants with 2n=41 (monosomic alien 
addition line) chromosomes produced low frequencies (1-3%) of plants with 2n=42 (disomic 
alien additional line) chromosomes.  Plants with 2n=42 and their progeny were generally 
phenotypically stable over successive generations, though aberrant plants are routinely observed 
(discussed in a later section of this chapter).  Once plants reached 2n=40, 41, or 42 from 
backcrossing and showed good fertility and seed production, their progeny were planted in the 
field.  In a few cases, seed from 2n=43 and 2n=44 parents were planted. 
2.2.2 Field advancement and data collection 
Genetically stable 2n=40, 2n=41, and 2n=42 lines were planted in 2008, 2009, and 2010 at 
Urbana, IL in single row plots.  Note that chromosome numbers of lines presented represent 
counts of the parents, and not necessarily the progeny.  Approximately 220 rows were harvested 
in 2008, and 2100 rows were harvested in 2009. Seed composition, time of maturity, and plant 
height were recorded on nearly all of these rows and those data were used to select the lines 
evaluated in replicated tests.  
Many plants, especially those with 2n=42, had unusual phenotypes that were distinctive from 
most other types (see Results and Discussion), which were similar in appearance to the recurrent 
parent Dwight lines.  In 2008, 2n=42 lines were planted on May 30.  Three of the 2n=42 rows 
were confirmed to have 42 chromosomes by counting the chromosomes in several plants per row. 
Plant height, maturity, seed protein and oil concentration were measured for all lines planted in 
the field in both replicated and unreplicated plots.  Maturity date was recorded as days after June 
1 when 95% of the pods reached final color (R8 stage) and are presented as such in this thesis.  
Plant height was measured at maturity as the distance from the ground to the highest podded 
node, and taken as the average of three typical plants. 
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Seed protein and oil concentrations were measured on a moisture-free basis using near-infrared 
reflectance transmittance on a Tecator near-infrared instrument, Infratec model 1225 (Perstorp 
Analytical, Inc.).  The analysis was performed by the USDA National Center for Agricultural 
Utilization Research in Peoria, IL on 25 g samples of whole seeds. 
2.2.3 Experimental design for evaluation of selected lines 
From the 2008 materials, bulk harvests of 2n=40 lines and individual plant harvests of 2n=41 
plant rows were analyzed for protein and oil concentration.  Seventy-seven bulk harvested lines 
with 2n=40 and 170 single plants derived from the 2n=41 plants were chosen based on the largest 
deviations from the mean of Dwight in the given field.  Eleven bulk harvested 2n=40 lines were 
selected for differences in maturity. 
Bulk harvested lines selected with differences in oil and protein concentration and maturity 
were planted in single row plots 75 cm apart and 1 m long on May 27, 2009 in two replications; 
single plants harvested in 2008 and selected for differences in oil or protein concentration were 
planted in one replication.  From the greater diversity of lines available in 2009, 227 lines were 
selected for extremes in either oil or protein concentration and 120 lines that differed from 
Dwight in height and/or maturity.  
In 2010, selected lines were planted with two replications for height and maturity, and three 
replications for oil and protein on May 25 in plots 1 m long and 75 cm apart.  In all experiments, 
Dwight (relative maturity, RM 2.9) was planted as a check in every block.  Maturity checks MN 
1410 (RM 1.4), IA 2094 (RM 2.6), LD00-3309 (RM 4.5), were also planted in all blocks with 
lines selected for maturity. 
Data were subjected to an analysis of variance (ANOVA) using a separate mixed model for 
each trait.  A significant difference among lines was assumed to imply phenotypic changes were 
due to the introgression of genes from the G. tomentella parent into the recurrent cultivar, 
Dwight.  Analysis was done using PROC MIXED in SAS software, version 9.1 SP4 (SAS 
Institute Inc., 2003), using restricted maximum likelihood (REML) and a Kenward-Rogers 
denominator degrees of freedom (DDFM) adjustment.  All the data from all tests were combined 
across three years, with each field (within year) treated as a separate environment.  In order to 
account for within-field variability in 2008, equally sized block designations were assigned, 
ensuring that at least one plot with Dwight was included in every block.  This was done as an 
alternative to taking deviations from the nearest Dwight plot.  Planting in 2010 was affected by a 
drought in August, which most noticeably affected maturity dates.  Maturity ranges were taken 
  15 
where appropriate, and an average of the range was used for analysis.  Plots with a maturity range 
greater than six days were excluded from analysis.  A Dunnett’s adjustment was performed to 
obtain adjusted p-values corresponding to differences from Dwight.  However, this was deemed 
to be too conservative, and therefore a False Discovery Rate adjustment (PROC MULTTEST) 
was used for all pairwise comparisons between Dwight.  The following mixed model was used: 
               ( )         [Eq. 1] 
                                                                            
                          
                                                                                    (    
 )  
 ( )                                                          (    
 ) 
                                                                                       (    
 ) 
Alternative analyses were also performed to account for potential errors that may arise from the 
unbalanced design of the data, as well as the drought in 2010.  We analyzed reduced data sets 
including: 2009 and 2010 only; 2010 only; and those lines selected for a particular trait to address 
issues of an unbalanced design.  To address poor data due to drought, various thresholds for 
excluding plots based on maturity range were used (exclude any ranged dates; exclude ranges >10 
days; no data excluded), as well as using earliest or latest recorded maturity dates in a given 
range.  While these adjustments resulted in changes to individual means, means separation, and 
significance levels, rankings did not change substantially and overall conclusions remained the 
same.  Furthermore, diagnostics demonstrated that assumptions of normality and equal variance 
were met.  Therefore, for consistency, the results presented here are based on the methods first 
described. 
The means of 2n=40 G. max x G. tomentella lines obtained from the above model (Eq. 1) were 
further categorized by their BC2 progenitor plant (06H1-1 or 06H1-3) and the number of 
backcrosses to Dwight (BC3 to BC5).  The dataset had an insufficient sample size to warrant a 
proper analysis for further division into advanced BCx backgrounds beyond the BC2.  
Comparisons of the means and variances of the two BC2 backgrounds were done using Welch’s t-
tests for unequal variances (Welch, 1947) and F-tests for homogeneity of variances.  
Comparisons with Dwight were done with one-way t-tests against the estimated Dwight mean.  
Comparisons between 2n=42 lines and other 06H1-3 plants (from which all 2n=42 originated) 
were also done with two-way t-tests for all traits. 
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2.2.4 Evaluation of the near-white flower phenotype 
Both Dwight and the G. tomentella parent, PI 441001, have purple flowers.  Therefore, it was 
surprising when we observed among the G. max x G. tomentella lines, some plants had white or 
near-white flowers.  In 150 plant rows (out of 875 classified for flower color) in 2008 and 2009, 
at least one plant with near-white flowers was identified.  All these lines came from the BC2 plant 
06H1-1. 
In order to determine the genetics of the near-white flower allele, crosses were made and 
segregation analysis was performed.  The near-white flower parent used was 08H19-1, 
originating from a line with the BC2 06H1-1 and BC3 07H6-3.  A backcross with Dwight 
(W1W1w3w3W4W4) was performed and segregation analysis using a χ2 goodness-of-fit test was 
performed on both the F2 and F3 generations.  In 2009, 495 F2 plants were classified for flower 
color (planted May 24).  Note that, because of the similarities between white and near-white 
flowers, we simply identified flowers as white or purple for all segregation tests, and thus those 
data are not presented as “near-white.”  Seventy-seven F2 purple plants were planted as plant 
rows on May 26, 2010.  These F3 rows were classified as purple or segregating.  The segregating 
rows included 1299 individual plants, which were also classified for flower color.  Another cross 
was also done between the white-flowered Williams 82 (w1w1w3w3W4W4) and 08ST2-172, a 
near-white G. max x G. tomentella plant.  Two hundred seventeen F2 plants were planted in a 
greenhouse and hypocotyl colors were classified, and a segregation analysis using χ2 goodness-
of-fit test was performed. 
2.2.5 Genotypic analysis 
Genotypic data were obtained for fourteen G. max x G. tomentella lines and Dwight using a 
1536 single nucleotide polymorphism (SNP) GoldenGate array.  The GoldenGate array (Illumina, 
Inc., San Diego, CA) was a custom assay whose development is described by Hyten et al. (2010).  
The 14 lines were selected based on phenotypic differences (Table 2.1).  They also represented 
both BC2 lineages, though this was not in the initial selection criteria.  Tissues from young 
trifoliates of five to ten seedlings per line were bulked.  Genomic DNA was extracted from tissue 
samples using the CTAB method described in Honeycutt et al. (1992) with modifications.  Tissue 
was lyophilized and ground using glass beads and a modified paint shaker in 2 mL tubes.  600 µL 
of extraction buffer (Appendix A) was added, and the mixture was incubated at 65
°
C for 1 h.  600 
µL of chloroform was added to each tube and vortexed, followed by centrifugation for 15 min at 
2300 G.  The supernatant was transferred to a clean 2 mL tube with 800 µL of cold ethanol.  
Tubes were frozen for 1 h and then centrifuged for 15 min at 2300 G.  The supernatant was 
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decanted and the pellet was washed with 200 µL cold 70% ethanol, followed by another 
centrifugation step.  The supernatant was decanted, tubes were allowed to dry, and the DNA 
pellet was resuspended in 100 µL TE (Appendix A) and stored at 4°C. 
2.3 Results and Discussion 
2.3.1 Agronomic traits 
Differences in height and maturity could be observed among G. max x G. tomentella derived 
lines, but overall growth habit and features of most lines were similar to Dwight.  In order to 
determine if these differences were real and due to genetics, mixed-model ANOVA was 
performed on 2n=40 lines (Eq. 1).  A significant difference among lines was found for all traits 
(p<0.0001).  Broad-sense heritabilities were also estimated by dividing the sums of squares (SS) 
of the lines by the SS total, which were obtained by running the model as a Type III least-squares 
analysis in PROC MIXED in SAS software.  These heritabilities are shown in Table 2.2.  
Maturity and height both had heritabilities of 0.64, while seed composition measures were lower 
at 0.43 and 0.53 for protein and oil.  These differences were also reflected in the inter-percentile 
ranges (central 90%; Table 2.2), which provide robust and conservative measures of range 
(Kelley, 1921).  Maturity had an inter-percentile range of 11.8 days and height, 25 cm.  In 
contrast, protein had an inter-percentile range of 20 g/kg and oil had 14 g/kg, which in 
comparison are agronomically more modest. 
It was also possible to identify individual lines that were significantly different from Dwight.  
A two-way Dunnett’s adjusted t-test was initially used to identify such lines.  The Dunnett’s test 
is not typically considered an overly conservative test, but did not identify many significant lines 
at α=0.05 (Table 2.3). We attributed these results to the large number of pair-wise comparisons 
performed (431 for all traits, except 409 for height).  While less conservative, the False Discovery 
Rate (FDR) adjustment provided more practical results.  Rather than controlling for the 
probability of any Type I error experiment-wide (as with the Dunnett’s adjustment), the FDR 
accepts a given proportion of Type I errors (q=0.05) among all comparisons that are declared 
significant.  Using an FDR adjustment, lines both greater and less than Dwight were identified for 
all traits, except no lines had a significantly lower aggregate protein and oil concentration (Table 
2.3).  However, one should be wary of inferences for early maturity and low protein concentration 
lines.  For these traits, only six lines were identified as earlier than Dwight, and three lines with 
lower protein concentration.  Both amounts fall within the FDR of 0.05.  Nevertheless, the results 
demonstrate that genes that affect the traits measures were introgressed from G. tomentella.  Lists 
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of the most extreme lines (by adjusted mean values, not accounting for statistical significance) are 
presented in Tables 2.4 to 2.7, which also includes many of the significant lines (FDR q-values 
are included). 
Based on various results, such as the ranges, estimated heritabilities, and lines significantly 
different from Dwight, we had the most success in introducing changes to maturity, followed by 
height.  The relative success of selecting for maturity is made even more significant because 
direct selections for maturity were not made from 2009 materials, whereas additional selections 
were made for other traits that year.  Also, these variables are correlated, suggesting many of the 
changes are not independent (Pearson correlation, r=0.50, p<0.0001).  In contrast, the results were 
more modest for seed composition measures.  While seed composition measures were statistically 
significant, changes relative to Dwight were at best an absolute deviation of about 10 g/kg in 
either direction.  Protein and oil were also correlated, as expected (r=-0.55, p<0.0001).  Maturity 
was weakly correlated with protein (r=-0.34, p<0.0001) and oil (r=0.29, p<0.0001). 
Figures 2.2 to 2.5 also show the distributions of line means for each trait.  Dwight was close to 
the central values (e.g. means and medians) for all traits except for maturity, where many lines 
matured later, as reflected in the FDR adjustments (Table 2.3).  While a test on the difference 
between the estimated Dwight mean and mean of all lines were all statistically significant, one 
can observe from the distributions that any consistent directional changes are relatively modest, 
except in the case of maturity.  A bimodal distribution can be clearly observed in Figure 2.2 for 
maturity, suggesting major gene action contributes to maturity.  We were able to determine that 
this difference is strongly associated with BC2 background, as reflected by the means of 06H1-1 
and 06H1-3 (Figure 2.2, Tables 2.8 and 2.9).  Differences between the two BC2 backgrounds and 
Dwight were also determined (Table 2.9).  All comparisons between the two BC2 backgrounds 
were significant (p<0.0001), but the 5.3 day difference in time of maturity has the greatest 
agronomic significance.  A visual comparison of Figures 2.2 to 2.5 also reflects this inference.  
These results are also reflected in Tables 2.4 to 2.7, where particular BC2 backgrounds are found 
more often in one direction away from Dwight than the other.  However, statistical comparisons 
between the two BC2 backgrounds should be taken with some caution, as the lines are not 
independent.  Certain pedigrees and backcrosses to Dwight are represented more than others and 
all the lines have undergone selection.  Nevertheless, the approximately normal distribution of 
lines suggests they may be reasonably random, or at least have no systematic bias. 
An F-test for homogeneity of variances also demonstrated 06H1-1 lines had a greater variance 
for all traits than 06H1-3 (Table 2.10, p<0.0001).  The greatest differences observed can be found 
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in maturity.  The BC2F1 plant 06H1-1 had 2n=58 compared to 06H1-3 with 2n-56, though 
without cytogenetic data, it is not possible to tell if this relationship is causative.  Lines were also 
further categorized into their backcross generation, that is, the number of backcrosses performed 
with Dwight (BC3 to BC5).  However, no clear trends were observed, which may be due to the 
small sample size of the BC4 and BC5 generations (Table 2.8).  The variance of the BC3 lines 
appeared to be greater for maturity and height, which would be expected, but this trend does not 
occur from the BC4 to BC5 or with protein and oil. 
It is important to emphasize the potential effect of a major maturity allele associated with 
06H1-1.  The bimodal distribution, larger variance and later maturity of 06H1-1 lines are all 
consistent with a major maturity allele.  Maturity is an important trait in soybeans and is 
correlated with many phenotypic traits, which our data also showed.  It is possible that many 
observations seen in other traits could be attributed to a major maturity allele from 06H1-1.  
However, because we cannot determine, at this time, which 06H1-1 lines carry this allele 
(assuming it exists), we cannot say what changes observed in the other traits are independent of 
this effect.  Nevertheless, because the correlations are modest, it is likely that there are some 
effects independent of maturity on the other traits. 
2.3.2 Genotypic data 
Genomewide genotypic data, while limited to only 14 lines provides further support for some 
of the conclusions made from the phenotypic data.  The data demonstrate genetic differences 
between Dwight and the derived lines (Table 2.1, Figure 2.6).  At present, we do not have 
genotypic data from the G. tomentella parent, so any SNPs different from Dwight were assumed 
to be from the G. tomentella PI 441001.  All heterozygous SNPs in Dwight were also excluded, 
and it is likely that many polymorphisms are undetected in this custom array, thus Figure 2.6 is 
probably a conservative display of differences between Dwight and the derived lines.  The 
number of similar SNPs to Dwight provides an estimate of the contribution of Dwight (Table 
2.1).  These estimates ranged from 0.88 to 0.93 for the BC3-derived lines, and were 0.93 and 0.95 
for the BC4-derived lines.  The estimates for the BC3-derived lines are larger than the expected 
0.875 based on standard backcrossing calculations.  Such a bias or inflation may may be 
explained by several mechanisms.  First, the lack of a PI 441001 sequence meant SNPs that are 
non-polymorphic between Dwight and  PI 441001 were included in the estimate, inflating the 
values.  Second, pairing and recombination should be favored between G. max chromosomes.  
Third, natural selection may also result in a bias for G. max genes.  Interestingly, the estimates for 
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BC4-derived lines do not deviate greatly from the expected 0.9375 contribution for four 
backcrosses, but this may be simply due to the small number of BC4-derived lines. 
These data show that genotypic changes, presumably from recombination, vary across the 
chromosomes and also among the lines.  On chromosome 15, for example, one can observe many 
differences with Dwight in most lines.  Still, several lines show few changes, including LG09-
1095 (Position 5, Figure 2.6), which shows none.  Other chromosomes showed very limited 
recombination both across the chromosome and among lines.  For example, no changes were 
detected at all on chromosome 12.  That recombination is not even, is perhaps not surprising 
given the evolutionary divergence between the two Glycine species, but also has significant 
implications for breeding goals.  If recombination is limited to particular chromosomes, certain G. 
tomentella genes may be completely inaccessible through our hybridization procedure for 
introgression into G. max.  However, a more extensive genotypic screening is needed to describe 
these limitations accurately. 
It can also be observed that some polymorphic regions are associated with pedigree.  BC2 
backgrounds are arranged with seven 06H1-1 lines on the left and seven 06H1-3 lines on the 
right.  Associations with these backgrounds can be observed throughout the genome, and is 
particularly strong in regions such as chromosomes 3 and 4. 
Attempts were made to find associations between traits with regions of recombination.  
However, we concluded we did not have sufficient lines to provide the necessary power to parse 
out such information, particularly with confounding associations between pedigrees and traits.  
For example, a few small regions may be related to lineage, such as on chromosome 17, where 
LG09-12383 and LG09-12370 (position 6 and 7) derived from the BC3F1 07H6-25 have a small 
region unique to those lines.  However, many more differences appear to be random or 
unassociated with any particular pedigree or phenotype.  Detailed associations would likely lead 
to many false positives at this point, since there are many more predictor variables than samples 
(p N).  Nevertheless, the correlation between BC2 background and various trait differences, as 
discussed previously, means that some of the BC2 associated regions likely contain genes 
influencing phenotypic traits. 
There may be some concerns regarding our assumption that differences among lines were 
solely due to genetic introgression from G. tomentella.  In particular, somaclonal variation and 
heterogeneity within Dwight may contribute to line variation.  First, while somaclonal variation 
has been observed among soybean tissue culture (Stephens et al., 1991), major chromosomal 
abnormalities are usually only seen with the use of 2,4-dichlorophenoxyacetic acid (2,4-D) as the 
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growth-promoting auxin.  In contrast, our embryos were regenerated using NAA, which is not 
associated with any chromosomal abnormalities.  Smaller somaclonal changes such as mutations 
or epigenetic changes (Kaeppler et al., 2000) may still occur.  Secondly, regarding heterogeneity 
within Dwight, we re-selected a single Dwight plant to perform all crosses.  While the registered 
Dwight line is F4-derived (Nickell et al., 1998), the Dwight subline that we used for backcrossing 
was more  homogeneous. 
2.3.3 Off-type and 2n=42 disomic alien addition lines 
A few short comments are deserving of 2n=42 lines, because they were noticeably different 
when compared to Dwight or 2n=40 lines.  Eighteen 2009 lines (derived from single plants of 
three 2008 lines) in our evaluations were confirmed to have a chromosome number of 2n=42, 
possessing the addition of a pair of G. tomentella chromosomes in addition to the set of 40 from 
G. max.  All these lines were derived from the BC2 06H1-3 (2n=56), and from the selfed BC3 
07H5-8 (2n=41).  These lines had rugose leaves and smaller seeds.  On average, they matured 
13.2 days later (mean=122.1 days), were shorter by 24 cm (mean=57cm), and had lower oil 
concentration by 17 g/kg (mean=187g/kg) when compared to the means of the 06H1-3 plants 
with 2n=40.  All differences were significant (p<0.0001) except for protein concentration.  These 
traits differ beyond even the most extreme 2n=40 lines, making them easily identifiable in the 
field. 
2.3.4 Near-white flower color 
We observed white or near-white flowers in 150 lines, which were all derived from the BC2F1, 
06H1-1 (because it was unclear whether the flowers are white or near-white, phenotypes are 
reported simply as white).  To determine the gene action of this allele, two crosses were made.  
For the backcross between Dwight (purple, W1W1w3w3W4W4) and the G. max x G. tomentella 
plant 08H19-1 (near-white), the F1 generation was entirely purple.  The flower classifications of 
F2 and F3 generations between this cross are presented in Tables 2.11a to c.  In the F2 generation, 
a 3:1 gene model fit best (p=0.154), but a 13:3 model remained a possibility (p=0.048; Table 
2.11a).  However, in the F3 generation, it was clear inheritance fit a 3:1 model with complete 
dominance at a single locus.  A χ2-test differentiating the purple F2 plants as homozygous or 
heterozygous (Table 2.11b), as well as counts of individual plants from segregating lines (Table 
2.11c), rejected a 13:3 model (p<0.0001).  Another cross between Williams 82 (white, 
w1w1w3w3W4W4) and 08ST2-172 (near-white) was also performed.  In the F1 generation, the 
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flowers were purple.  In the F2 generation, 217 hypocotyl colors were classified, with a 
purple:white ratio consistent with a 9:7 gene model (Table 2.11d). 
These data are consistent with the segregation at the w4 locus, whose epistatic interaction with 
w1 is also complementary gene action.  This would make white G. max x G. tomentella lines 
W1W1w3w3w4w4.  G. max x G. tomentella flowers appeared to have some purple venation near 
the throats of the banner petal, which is consistent with the near-white (a.k.a. purple throat) 
phenotype, though distinguishing near-white from white can be difficult.  The same phenotype is 
associated with the w4 allele, though previous literature on the w4 locus had more distinguishable 
venation (Figure 2.7; Groose and Palmer, 1991).  A comparison of the near-white flower line 
LG09-12277 failed to distinguish any SNP differences compared to Dwight at or near the W4 
locus, mapped to chromosome 17 (linkage group D12), based on the GoldenGate data.  However, 
the genotype of the G. tomentella parent in this region was not obtained, so our results may be 
due to a lack of polymorphic markers in the region.  We currently plan to perform a bulk-
segregant analysis on the F3 lines from our 008H19 x Dwight backcross, which should result in 
mapping of the G. tomentella near-white locus. 
2.4 Conclusions 
We were able to successfully hybridize G. max (2n=40), cultivated soybean, with its perennial 
relative, G. tomentella (2n=78) and produce fertile 2n=40 progeny with varied pedigrees.  
Embryo rescue, tissue culture, chromosome doubling, hormone treatments and backcrossing were 
all necessary procedures for success.  While lines had a remarkably similar growth and 
developmental characteristics to the recurrent G. max parent, Dwight, measureable differences 
were observed for maturity, height, protein and oil concentration.  Near-white flowers were also 
observed among some derived lines.   
We have also demonstrated the utility of the custom GoldenGate SNP array (Hyten et al., 
2010) for genotyping G. max x G. tomentella lines (Hyten et al., 2010).  The addition of more 
lines should allow for the mapping of genes.  Our population of G. max x G. tomentella lines 
maintains a common background like a backcross introgression population and therefore should 
have sufficient power for association analysis. 
These results demonstrate that G. tomentella can be hybridized with G. max to introduce new 
variation into the soybean germplasm.  While a potential limitation for maximizing variability, 
the similarity of the G. max x G. tomentella lines to Dwight should also assist in any future 
attempts to produce commercial cultivars.  
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2.5 Tables and Figures 
 
Table 2.1 Summary of lines selected for GoldenGate array.  Lines were chosen based on 
characteristics.  The BC2 progenitor is presented, but lines were not selected on this basis. 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.4 Glycine max x G. tomentella lines (2n=40) with the 40 most extreme estimated maturity (days).  RM 
represents relative maturity values from the literature.  The number of backcrosses to Dwight (BC generation), and the 
BC2F1 and BC3F1 progenitors are provided for reference.  False Discovery Rate (FDR) q-values are adjusted for all 
pairwise-comparisons between Dwight.  Checks are in italics. 
Line RM Estimate BC generation BC2F1 BC3F1 FDR (q) 
MN 1410 1.4 98.8    <0.0001 
LG09-12979  104.8 BC3 06H1-3 07H5-8 0.0069 
LG08-9018  104.9 BC3 06H1-3 07H5-8 0.0010 
LG09-298  105.6 BC3 06H1-3 07H5-8 0.0407 
LG08-9021  105.7 BC3 06H1-3 07H5-8 0.0006 
LG09-279  105.9 BC3 06H1-3 07H5-8 0.0614 
LG09-12977  106.0 BC3 06H1-3 07H5-8 0.0898 
LG09-264  106.1 BC3 06H1-3 07H5-8 0.0890 
LG09-415  106.1 BC3 06H1-3 07H5-8 0.0890 
LG09-866  106.1 BC3 06H1-1 07H6-3 0.2534 
LG08-8960  106.2 BC3 06H1-3 07H5-8 0.0011 
LG08-9040  106.4 BC3 06H1-3 07H5-8 0.0812 
LG08-8948  106.6 BC3 06H1-3 07H5-8 0.0093 
LG08-9140  106.6 BC3 06H1-1 07H6-3 0.1010 
LG09-269  106.6 BC3 06H1-3 07H5-8 0.1749 
LG09-267  106.6 BC3 06H1-3 07H5-8 0.3436 
LG09-537  106.9 BC3 06H1-3 07H5-8 0.2427 
LG08-9034  106.9 BC3 06H1-3 07H5-8 0.1581 
LG09-13646  107.0 BC4 06H1-3 07H5-33 0.0596 
LG09-357  107.1 BC3 06H1-3 07H5-8 0.0723 
LG09-625  107.1 BC3 06H1-3 07H5-8 0.0723 
IA 2094 2.6 107.2    0.1322 
Dwight 2.9 109.2     
LD00-3309 4.5 118.9    <0.0001 
LG09-12208  119.0 BC3 06H1-1 07H6-21 <0.0001 
LG09-1102  119.1 BC3 06H1-1 07H6-3 <0.0001 
LG09-1242  119.1 BC3 06H1-1 07H6-38 <0.0001 
LG09-1129  119.1 BC3 06H1-1 07H6-3 <0.0001 
LG09-950  119.1 BC3 06H1-1 07H6-3 <0.0001 
LG09-12329  119.2 BC3 06H1-1 07H6-3 <0.0001 
LG09-1004  119.3 BC3 06H1-1 07H6-3 <0.0001 
LG09-1130  119.3 BC3 06H1-1 07H6-3 <0.0001 
LG09-12235  119.4 BC3 06H1-1 07H6-21 <0.0001 
LG09-1082  119.4 BC3 06H1-1 07H6-3 <0.0001 
LG09-1206  119.6 BC3 06H1-1 07H6-38 <0.0001 
LG09-843  119.8 BC3 06H1-1 07H6-3 <0.0001 
LG09-933  119.9 BC3 06H1-1 07H6-3 <0.0001 
LG09-12202  120.0 BC3 06H1-1 07H6-21 <0.0001 
LG09-1305  120.1 BC3 06H1-1 07H6-38 <0.0001 
LG09-1080  120.1 BC3 06H1-1 07H6-3 <0.0001 
LG09-12205  120.2 BC3 06H1-1 07H6-21 <0.0001 
LG09-929  120.8 BC3 06H1-1 07H6-3 <0.0001 
LG09-1017  120.8 BC3 06H1-1 07H6-3 <0.0001 
LG09-12229  121.2 BC3 06H1-1 07H6-21 <0.0001 
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Table 2.5 Glycine max x G. tomentella lines (2n=40) with the 40 most extreme estimate heights (cm).  The number of 
backcrosses to Dwight (BC generation), and the BC2F1 and BC3F1 progenitors are provided for reference.  False 
Discovery Rate (FDR) q-values are adjusted for all pairwise-comparisons between Dwight.  Checks are in italics. 
Line Estimate BC generation BC2F1 BC3F1 FDR (q) 
LG09-1572 60 BC3 06H1-1 07H6-20 <0.0001 
LG08-9139 69 BC3 06H1-1 07H6-3 0.0169 
LG09-12337 69 BC4 06H1-1 07H6-17 0.0037 
LG09-266 69 BC3 06H1-3 07H5-8 0.0201 
LG09-1544 71 BC4 06H1-1 07H6-42 0.0485 
LG09-1571 71 BC3 06H1-1 07H6-20 0.0485 
LG09-279 71 BC3 06H1-3 07H5-8 0.0543 
LG09-326 71 BC3 06H1-3 07H5-8 0.0543 
LG09-1569 72 BC3 06H1-1 07H6-20 0.0786 
LG08-9021 72 BC3 06H1-3 07H5-8 0.0786 
LG08-13046 72 BC3 06H1-1 07H6-3 0.0283 
LG09-645 72 BC3 06H1-1 07H6-21 0.0030 
LG09-1368 72 BC5 06H1-1 07H6-17 0.2469 
LG09-12329 73 BC3 06H1-1 07H6-3 0.0207 
LG09-1411 73 BC5 06H1-1 07H5-28 0.1239 
LG09-1256 73 BC3 06H1-1 07H6-38 0.1359 
LG08-9016 74 BC3 06H1-3 07H5-8 0.0625 
LG09-1383 74 BC5 06H1-1 07H6-17 0.1488 
LG09-12434 74 BC5 06H1-1 07H6-17 0.0343 
LG09-12984 74 BC3 06H1-1 07H6-3 0.1635 
MN 1410 76    0.1359 
IA 2094 82    0.8368 
Dwight 83     
LD00-3309 89    0.3124 
LG09-958 99.3 BC3 06H1-1 07H6-3 0.1988 
LG09-926 99.4 BC3 06H1-1 07H6-3 0.0042 
LG09-929 100 BC3 06H1-1 07H6-3 <0.0001 
LG09-1130 100 BC3 06H1-1 07H6-3 0.0002 
LG09-994 100 BC3 06H1-1 07H6-3 <0.0001 
LG09-968 100 BC3 06H1-1 07H6-3 0.0002 
LG09-1064 100 BC3 06H1-1 07H6-3 <0.0001 
LG09-869 100 BC3 06H1-1 07H6-3 0.0020 
LG09-950 100 BC3 06H1-1 07H6-3 0.0022 
LG09-12212 101 BC3 06H1-1 07H6-21 0.0022 
LG09-1141 101 BC3 06H1-1 07H6-3 <0.0001 
LG09-970 102 BC3 06H1-1 07H6-3 0.0016 
LG09-12205 103 BC3 06H1-1 07H6-21 0.0008 
LG09-1100 103 BC3 06H1-1 07H6-3 <0.0001 
LG09-900 103 BC3 06H1-1 07H6-3 0.0003 
LG09-969 104 BC3 06H1-1 07H6-3 0.0002 
LG09-841 106 BC3 06H1-1 07H6-3 0.0058 
LG09-961 106 BC3 06H1-1 07H6-3 <0.0001 
LG09-1128 107 BC3 06H1-1 07H6-3 <0.0001 
LG09-963 107 BC3 06H1-1 07H6-3 0.0022 
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Table 2.6 Glycine max x G. tomentella lines (2n=40) with the 40 most extreme estimate protein concentrations (g/kg).  
The number of backcrosses to Dwight (BC generation), and the BC2F1 and BC3F1 progenitors are provided for 
reference.  False Discovery Rate (FDR) q-values are adjusted for all pairwise-comparisons between Dwight.  Checks 
are in italics. 
Line Estimate BC generation BC2F1 BC3F1 FDR (q) 
LG09-12290 368 BC3 06H1-1 07H6-20 <0.0001 
LG09-1128 372 BC3 06H1-1 07H6-3 0.0799 
LG09-1311 373 BC3 06H1-1 07H6-38 0.0972 
LG09-12616 374 BC3 06H1-1 07H6-38 0.0320 
LG09-12984 376 BC3 06H1-1 07H6-3 0.0257 
LG09-1179 377 BC3 06H1-1 07H6-38 0.2434 
LG09-1211 377 BC3 06H1-1 07H6-38 0.0862 
LG09-927 377 BC3 06H1-1 07H6-3 0.0862 
LG09-1100 378 BC3 06H1-1 07H6-3 0.1051 
LG09-1098 378 BC3 06H1-1 07H6-3 0.1008 
LG09-925 379 BC3 06H1-1 07H6-3 0.1492 
LG09-1038 379 BC3 06H1-1 07H6-3 0.1615 
LG09-1412 379 BC5 06H1-1 07H5-28 0.1578 
LG09-1242 379 BC3 06H1-1 07H6-38 0.1795 
LG09-1080 380 BC3 06H1-1 07H6-3 0.0896 
LG08-9143 380 BC3 06H1-1 07H6-3 0.0508 
LG09-909 380 BC3 06H1-1 07H6-3 0.2272 
LG09-1566 380 BC3 06H1-1 07H6-20 0.2251 
LG09-1371 380 BC5 06H1-1 07H6-17 0.1266 
LG09-1061 380 BC3 06H1-1 07H6-3 0.1267 
LD00-3309 384    0.4081 
Dwight 390     
IA 2094 398    0.8391 
LG09-12392 401 BC5 06H1-3 07H5-33 0.2872 
LG08-8996 401 BC3 06H1-3 07H5-8 0.0257 
LG09-625 401 BC3 06H1-3 07H5-8 0.0093 
LG09-455 402 BC3 06H1-3 07H5-8 0.0479 
LG09-12921 402 BC3 06H1-3 07H5-8 0.0365 
LG08-9137 402 BC3  07H6-3 0.0150 
LG09-1446 402 BC5 06H1-1 07H5-28 0.0972 
LG09-1167 402 BC3 06H1-1 07H6-3 0.0320 
LG08-13066 402 BC3 06H1-1 07H6-3 0.0909 
LG09-1149 402 BC3 06H1-1 07H6-3 0.0053 
LG09-588 403 BC3 06H1-3 07H5-8 0.0862 
LG09-1141 403 BC3 06H1-1 07H6-3 0.0257 
LG09-918 403 BC3 06H1-1 07H6-3 0.0850 
LG09-822 404 BC3 06H1-1 07H6-3 0.0676 
LG09-811 404 BC3 06H1-1 07H6-3 0.0093 
LG09-404 405 BC3 06H1-3 07H5-8 0.0093 
LG09-1014 405 BC3 06H1-1 07H6-3 0.0086 
LG09-326 406 BC3 06H1-3 07H5-8 0.0002 
LG09-937 407 BC3 06H1-1 07H6-3 0.1267 
LG09-1060 408 BC3 06H1-1 07H6-3 0.0142 
MN 1410 425      0.0090 
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Table 2.7 Glycine max x G. tomentella lines (2n=40) with the 40 most extreme estimate oil concentration (g/kg).  The 
number of backcrosses to Dwight (BC generation), BC2F1 and BC3F1 backgrounds are provided for reference.  False 
Discovery Rate (FDR) q-values are adjusted for all pairwise-comparisons between Dwight.  Checks are in italics. 
Line Estimate BC generation BC2F1 BC3F1 FDR (q) 
LG09-12329 193 BC3 06H1-1 07H6-3 0.0039 
LG09-1549 195 BC4 06H1-1 07H6-42 0.2995 
LG09-1074 195 BC3 06H1-1 07H6-3 0.1499 
LG09-12043 195 BC4 06H1-1 07H6-16 0.0338 
LG09-866 195 BC3 06H1-1 07H6-3 0.3535 
LG09-279 195 BC3 06H1-3 07H5-8 0.1947 
LG09-13663 196 BC4 06H1-3 07H5-33 0.1370 
LG08-9034 196 BC3 06H1-3 07H5-8 0.2780 
LG09-802 196 BC3 06H1-1 07H6-3 0.2619 
LG09-12229 197 BC3 06H1-1 07H6-21 0.2174 
LG09-264 198 BC3 06H1-3 07H5-8 0.3535 
LG08-9118 198 BC3 06H1-1 07H6-3 0.3844 
LG09-1142 198 BC3 06H1-1 07H6-3 0.4003 
LG09-1397 198 BC5 06H1-1 07H5-28 0.3975 
LG09-918 198 BC3 06H1-1 07H6-3 0.4157 
LG09-989 198 BC3 06H1-1 07H6-3 0.4187 
LG09-1421 198 BC5 06H1-1 07H5-28 0.3121 
LG08-9040 198 BC3 06H1-3 07H5-8 0.4588 
LG09-13667 198 BC4 06H1-3 07H5-33 0.3373 
LG09-374 198 BC3 06H1-3 07H5-8 0.2780 
Dwight 203     
LD00-3309 210    0.2102 
IA 2094 210    0.2262 
MN 1410 212    0.0902 
LG09-12212 213 BC3 06H1-1 07H6-21 0.2854 
LG09-12457 213 BC5 06H1-1 07H6-17 0.0106 
LG09-1546 213 BC4 06H1-1 07H6-42 0.0083 
LG09-1128 213 BC3 06H1-1 07H6-3 0.0854 
LG09-12395 214 BC5 06H1-3 07H5-33 0.2351 
LG09-1246 214 BC3 06H1-1 07H6-38 0.0055 
LG09-925 214 BC3 06H1-1 07H6-3 0.0751 
LG09-888 214 BC3 06H1-1 07H6-3 0.0739 
LG09-1082 214 BC3 06H1-1 07H6-3 0.0674 
LG09-1072 214 BC3 06H1-1 07H6-3 0.0124 
LG09-12290 214 BC3 06H1-1 07H6-20 0.0533 
LG09-927 214 BC3 06H1-1 07H6-3 0.0123 
LG09-12460 215 BC3 06H1-1 07H6-3 0.0442 
LG09-1311 215 BC3 06H1-1 07H6-38 0.0070 
LG09-1371 215 BC5 06H1-1 07H6-17 0.1861 
LG09-1412 215 BC5 06H1-1 07H5-28 0.0060 
LG09-1209 215 BC3 06H1-1 07H6-38 0.0250 
LG08-13073 215 BC3 06H1-1 07H6-3 0.0282 
LG09-1100 219 BC3 06H1-1 07H6-3 0.0001 
LG09-1249 219 BC3 06H1-1 07H6-38 0.0013 
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Table 2.9 Summary statistics of estimated differences between the means of BC2 
progenitor plants of Glycine max x G. tomentella lines and Dwight.  Comparisons 
between the BC2 backgrounds, 06H1-1 and 06H1-3, are based on Welch’s t-tests for 
unequal variances.  Comparisons between Dwight are based on one-way t-tests 
compared to the estimated value of Dwight.  Estimates include the 95% confidence 
intervals. 
   Contrast Estimate Pr > t_ 
Maturity (days) 06H1-1 vs. 06H1-3 5.3 ± 0.5 <0.0001 
 06H1-1 vs. Dwight 5.0 ± 0.4 <0.0001 
  06H1-3 vs. Dwight -0.3 ± 0.3 0.0354 
Height (cm) 06H1-1 vs. 06H1-3 6 ± 1 _ <0.0001 
 06H1-1 vs. Dwight 4 ± 1 _ <0.0001 
  06H1-3 vs. Dwight -2 ± 1 _ <0.0001 
Protein (g/kg) 06H1-1 vs. 06H1-3 -4 ± 1 _ <0.0001 
 06H1-1 vs. Dwight 0 ± 1 _ 0.5495 
  06H1-3 vs. Dwight 4 ± 1 _ <0.0001 
Oil (g/kg) 06H1-1 vs. 06H1-3 2 ± 1 _ <0.0001 
 06H1-1 vs. Dwight 3 ± 1 _ <0.0001 
  06H1-3 vs. Dwight 1 ± 1 _ <0.0001 
Protein and Oil (g/kg) 06H1-1 vs. 06H1-3 -2 ± 1 _ 0.0004 
 06H1-1 vs. Dwight 4 ±1 _ <0.0001 
  06H1-3 vs. Dwight 6 ±1 _ <0.0001 
 
 
Table 2.10  F-test results comparing equality of variances between 
the two BC2 backgrounds of Glycine max x G. tomentella lines, 
06H1-1 and 06H1-3. 
  
Ratio of variances 
(F-statistic)* Pr > F 
Maturity 4.56 <0.0001____ 
Height 4.26 <0.0001____ 
Protein 2.02 <0.0001____ 
Oil 1.55 0.0013____ 





 of 06H1-3) 
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Table 2.11  Segregation analysis to determine the inheritance of the near-white flower color  
found in G. max x G. tomentella lines. 
a. F2 generation of Dwight (G. max, purple, W1Ww3w31W4W4) x 08H19 (G. max x G. 
tomentella derived line, near-white). 
Total Purple Near white Gene model χ2 Pr > χ2 
495 385 110 3:1____ 2.04___ 0.1532__ 
      13:3____ 3.92___ 0.0477__ 
 
b. F3 generation segregation ratios of Dwight (G. max, purple, W1W1w3w3W4W4) x 08H19 (G. 







ratio χ2 Pr > χ2 
77 22 55 3:1___ 1:2 0.79_ 0.3741 
   13:3___ 7:6 19.79_ <0.0001 
 
c. F3 generation of Dwight (G. max, purple, W1W1w3w3W4W4) x 08H19 (G. max x G. 
tomentella derived line, near-white).  These counts represent individual plants of the 22 
segregating rows described in 2.11b, pooled together. 
Total Purple White Gene model χ2 Pr > χ2 
1299 963 336 3:1____ 0.52____ 0.4708__ 
   13:3____ 12.47____ <0.0001__ 
 
d. F2 generation segregation for hypocotyl colors of Williams 82 (G. max, w1w1w3w3W4W4) x 
08ST2-172 (G. max x G. tomentella derived line, near-white).   
Total Purple Green Gene model χ2_ Pr > χ2 
217 115 102 3:1 56.04 <0.0001 
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Figure 2.1 Overview of procedure for hybridization between soybean (Glycine max) and its wild 
perennial relative, G. tomentella, to produce genetically stable, 2n=40 or 2n=42 derived lines. 
 
  
G. max cv. Dwight
2n=40



















Continued backcrossing to Dwight or selfing.  
Hormone treatment and embryo rescue at 
BC2 and if necessary in later stages
Hormone treatment,
embryo rescue
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Figure 2.2  Relative frequency distribution of R8 dates (days after June 1) of Glycine max x G. 
tomentella lines (2n=40).  The mean of the lines from the two BC2 backgrounds (06H1-1 and 
06H1-3) are indicated along with the estimated mean of Dwight. 
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Figure 2.3  Relative frequency distribution of plant heights (cm) of Glycine max x G. tomentella 
lines (2n=40).  The mean of the lines from the two BC2 backgrounds (06H1-1 and 06H1-3) are 
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Figure 2.4 Relative frequency distribution of protein concentration (g/kg) of Glycine max x G. 
tomentella lines (2n=40).  The mean of the lines from the two BC2 backgrounds (06H1-1 and 
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Figure 2.5  Relative frequency distribution of oil concentration (g/kg) of Glycine max x G. 
tomentella lines (2n=40).  The mean of the lines from the two BC2 backgrounds (06H1-1 and 
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Figure 2.6  A diagram showing genotypic changes (single nucleotide polymorphisms, SNPs) at various loci across the 
soybean genome among Glycine max x G. tomentella lines.  Each block in the diagram represents a separate 
chromosome; starting with Chromosome (Chr.) 1 in the top left, chromosomes are arranged in order, going top-down, 
then left-right to Chr. 20 in the bottom right.  Individual squares within the blocks going top-down represent the length 
of the chromosome.  Going from right to left within a block are 14 different G. max x G. tomentella lines, selected 
based on phenotypic differences.  Table 2.1 lists these lines in order.  They have been arranged so that 06H1-1 lines are 
the seven on the left, and 06H1-3 lines are the seven on the right.  Blue represents SNP calls that matched Dwight, 
while orange represents calls different from Dwight.  All loci that were found to be heterogeneous in Dwight were 
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L62-906 (Harosoy-w1 isoline)  LG10-13507 (G. max x G. tomentella) L72-1138 (Harosoy-w4 isoline) 
w1w1w3w3W4W4, white  W1W1w3w3w4w4, near-white  
Figure 2.7  Photographs of banner petals comparing known white and near-white flowers with 
the near-white flower of some Glycine max x G. tomentella lines.  White flower picture is of 
germplasm line L62-906 (Harosoy-w1), and was taken from Groose and Palmer (1991).  G. max x 
G. tomentella line is LG10-13507, a true breeding near-white flowered line.  L72-1138 (Harosoy-
w4) is near-white, and was taken from Palmer and Groose (1993). 
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Evaluation of fertile Glycine max x G. tomentella derived lines 
for resistance to Phytophthora root rot and sudden death 
syndrome 
3.1 Introduction 
Phytophthora root rot (PRR), caused by Phytophthora sojae, is a major soybean disease, with 
historical yield losses ranging from 1.6 million (in 2007) to 3.8 million (in 2004) Mg in the 
United States (Wrather and Koenning, 2009).  It ranks only second in importance after soybean 
cyst nematode (SCN).  Single, dominant, race-specific R-genes have been employed for decades 
as the primary management strategy.  Fifteen resistant alleles (Rps), at eight different mapped loci 
(Rps1 to Rps8) have been described in soybean.  Complementary to these genes, 55 races of P. 
sojae have been isolated, though many more exist, and there is an increasingly common use of a 
formula method for describing virulence (Dorrance et al., 2003). 
Sudden death syndrome (SDS), caused by Fusarium virguliforme, is another major soybean 
disease, though its importance varies, with yield losses ranging from 0.25 million (in 1996) to 5.1 
million (in 2000) Mg in the United States  (Wrather and Koenning, 2009).  Resistance to SDS is 
quantitative and partial, which can make breeding for resistance difficult (Njiti et al., 2002).  
However, partially resistant cultivars remain the most effective means of minimizing losses to 
SDS. 
Several useful traits have been previously identified in G. tomentella and derived plants, 
including traits, rare or absent, in G. max germplasm (reviewed in Chung and Singh, 2008; Singh, 
2010).  Such traits are particularly of interest in wild relatives as they justify the time and 
resources often required to make wide hybridizations.  Traits reported in G. tomentella accessions 
include disease resistances to soybean rust (Phakopsora pachyrhizi; Hartman et al., 1992; Schoen 
et al., 1992), soybean cyst nematode (SCN, Heterodera glycines; Patzoldt et al., 2007), bean pod 
mottle virus (Zheng et al., 2005), sclerotinia stem rot (Sclerotinia sclerotiorum; Hartman et al., 
2000), and sudden death syndrome (Fusarium virguliforme; Hartman et al., 2000).  Specific 
resistances associated with the G. tomentella accession, PI 441001, are soybean rust (Schoen et 
al., 1992), soybean cyst nematode (Riggs et al., 1998) and sudden death syndrome (Hartman et 
al., 2000). 
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3.2 Materials and Methods 
3.2.1 Glycine max x G. tomentella lines selected for testing 
Samples from a diverse set of over 1900 presumed 2n=40 G. max x G. tomentella lines were 
evaluated for disease resistance.  The details of line development are described in Section 2.2.1 
and field planting for seed increase in Section 2.2.2.  To ensure diversity of the lines was captured 
in our samples, we made sure different backgrounds based on pedigree information were present 
in our evaluations. 
3.2.2 Phytophthora root rot evaluations 
Screening for PRR resistance was done using a hypocotyl inoculation method, and details are 
described in Slaminko et al. (2010).  In all tests, six seeds were planted per replication in 18-cell 
multi-pots that fit in a 53 x 36 cm tray (Hummert Intl., Earth City, MO) in a soilless medium, 
Sunshine mix, LC1 (Sun Gro Horticulture Inc., Bellevue, WA).  Inoculum was prepared by 
growing an isolate of the pathogen on V8 agar medium (Appendix B), one week prior to 
inoculation.  The number of seedlings inoculated was recorded.  Inoculation was performed by 
making a slit 1 to 2 cm long in the hypocotyl, below the cotyledonary node with a 1.02 mm 
needle.  Inoculated slurry was then placed on the wound with the syringe.  Plants were kept moist 
with tap water from a spray bottle during the procedure until they were ready to be transferred to 
either a dew chamber at 20°C and 100% relative humidity without light; or a misted, air-
conditioned 21°C greenhouse room with 60% shade.  After 48 h, plants were transferred to a 
greenhouse with a 14 h photoperiod and 24°C days and 20°C nights, supplemented by an average 
of 2.1 PAR/s/m
2
 light.  Plants were rated based on survival after clear disease symptoms 
developed, which was typically seven days after inoculation. 
Initial screens using an isolate of race 1 (obtained from A.F. Schmitthenner and A.E. Dorrance, 
Dept. of Plant Pathology, Ohio State University) were performed on single replicates of 543 
2n=40 G. max x G. tomentella lines, with the cultivars Dwight (the G. max recurrent parent) and 
Sloan as susceptible checks and Williams 82 (Rps1k) as a resistant check.  G. max x G. tomentella 
lines were chosen in order to maximize diversity, based on pedigree information.  Race 1 was 
chosen because it is avirulent to all resistant sources, except Rps7.  Thus, it was assumed that any 
resistance would be most easily detectable with race 1. 
Thirty-four lines showing resistance (80% survival or higher) in initial tests were screened 
again in a randomized test with three replicates to confirm resistance to race 1.  In total, 29 lines 
were confirmed to be resistant (at least 80% survival).  These lines represented both BC2 
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backgrounds.  It was assumed that a few lines would be representative of the resistance found in 
their respective BC2 backgrounds.  This assumption seems reasonable given that the evaluations 
are for qualitative, race specific resistance.  Additionally, in several tests, multiple G. max x G. 
tomentella lines were included and identical profiles were observed for those races tested among 
subsets.  Thus, subsequent experiments were limited to two specific lines, LG08-9039 (from 
BC2F1 06H1-3) and LG09-12191 (from BC2F1 06H1-1).  These two were chosen based on 
consistent resistance and pedigree. 
In order to obtain resistance profiles of LG08-9039 and LG09-12191, these lines were 
inoculated with isolates designated as races 3, 4, 7, 25, 26, 28, 30, and 33.  All races except race 
26 were obtained from A.F. Schmitthenner and A.E. Dorrance, Dept. of Plant Pathology, Ohio 
State University.  Race 26 was provided by D. Malvick (Malvick and Grunden, 2004).  Each race 
test was performed on a separate tray, and included various Rps checks, which were all Williams 
isolines: L75-6141 (Rps1a), L77-1863 (Rps1b), L75-3735 (Rps1c), Williams 82 (Rps1k), L85-
570 (Rps3a), L85-2352 (Rps4), L85-3059 (Rps5), L89-1581 (Rps6), and L93-3258 (Rps7).  Each 
line was tested at least twice, and tests were repeated if the checks did not perform as expected, or 
the resistance could not be determined clearly (between 20 and 80% survival). 
3.2.3 Allelism test for Rps1 
Experiments were performed to assess the Rps locus of LG08-9039.  An allelism test using a 
cross between the Williams Rps1a isoline, L88-8470 (Williams (5) x Union) was done.  
Resistance of F1 plants were verified by inoculation with race 1, which were then transplanted to 
the field to produce seed.  The allelism test was performed using race 26, which was previously 
identified to be avirulent to both LG08-9039 as well as Rps1a carriers.  Progeny in the F2 
generation of the cross were grown, inoculated with race 26, and a χ2 test for goodness of fit was 
used to test an independent assortment model as the null hypothesis (15:1 resistant:susceptible 
ratio). 
3.2.4 GoldenGate genotyping  
Genotypic data were obtained for 14 G. max x G. tomentella lines and Dwight using a custom 
1536 single nucleotide polymorphism (SNP) GoldenGate array, as previously described in 
Section 2.2.6. 
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3.2.5 Sudden death syndrome 
G. max x G. tomentella lines were evaluated for sudden death syndrome in greenhouse tests 
using a layered inoculum method modified from Hartman et al. (1997) and Farias Neto (2005).  
Dried Inoculum of Monticello-1 isolate of F. virguliforme was used (courtesy G.L. Hartman, 
University of Illinois), which was maintained on red sorghum seed.  Soybean seeds were planted 
in 10 x 36 x 51 cm trays (Hummert Intl., Earth City, MO), arranged into 24 plots with 5 seeds per 
plot.  Preparation of the seed bed involved alternating layers of soil mix (1:1:1 = soil: sand: 
Sunshine Mix LC1) and an inoculum mix layer (4:1 = soil mix: infested sorghum inoculum).  
Leveled layers of mix were prepared with the following depths: 2 cm soil mix base, 1 cm 
inoculum mix, 2 cm soil mix, soybean seeds placed into furrows made with a template, and 
topped with 1 cm of soil mix. 
Plants were rated about three weeks after planting, which is typically when differences in 
symptoms among lines are most observable.  Plants were scored on a scale of 1 to 8 based on 
chlorotic and necrotic foliar symptoms (scale developed by C.R. Bowen and G.L. Hartman, 
University of Illinois).  1=typical plant showing no symptoms; 2=leaf shows slight yellowing 
and/or chlorotic flecks or blotches; 3=leaf with obvious interveinal chlorosis; 4=leaf with 
interveinal chlorosis and some necrosis along the leaf margin (>2cm); 5=leaf with necrosis along 
entire leaf margin, usually causing “cupped” leaves; 6=interveinal necrosis, with ~50% of leaf 
being necrotic; 7=most (>80%) of leaf is necrotic and may be defoliated; 8=entirely defoliated 
plants with no new growth. 
Eighty-four 2n=40 G. max x G. tomentella lines were tested in two replications as an initial 
assessment.  These lines all originated from the BC3F1, 07H6-3, which is derived from the BC2F1, 
06H1-1.  The nine best lines from these initial tests were selected and screened with eight 
replications in a randomized complete block design (RCBD).  Lines used as checks were PI 
567374 (resistant), Cordell (moderately resistant), LS94-3207 (moderately resistant), Douglas 
(moderately susceptible), Spencer (susceptible) and Dwight (recurrent parent, moderately 
susceptible).  Listed resistances are based on greenhouse and not field tests (VIPS, 2010). 
Statistical analysis was performed in PROC MIXED of the software SAS 9.1 SP4 (SAS 
Institute Inc., 2003), using restricted maximum likelihood (REML) and a Kenward-Rogers 
denominator degrees of freedom (DDFM) adjustment.  Data from both experiments for the nine 
selected lines were combined.  A Dunnett’s adjustment for multiple comparisons was performed 
to obtain adjusted p-values corresponding to differences from the recurrent cultivar, Dwight.  The 
following model, combining data from both tests, was used: 
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*Because data from both experiments were combined, blocks in the first test were trays, whereas they were 
half-trays in the second test. 
3.3 Results and Discussion 
3.3.1 Phytophthora root rot 
Our results were able to confirm, out of 543 evaluated lines, that 29 lines had resistance to our 
isolate of race 1.  It is likely that resistance is more prevalent, considering our lines were 
heterogeneous (F2 to F4 generation of a backcross) and intermediate results were commonly 
observed.  Therefore, our results here do not exclude the possibility of genes different from those 
reported here among other resistant lines. 
Resistant lines were found in both BC2 backgrounds.  Further evaluation of LG08-9039  
(06H1-3) and LG09-12191 (06H1-1) with various races of Phytophthora sojae revealed the 
resistance profile of each of these lines.  A comparison of these lines to known Rps genes is 
displayed in Table 3.1.  Results were effectively qualitative, with over 80% survival when 
considered resistant and less 20% survival when considered susceptible.  In most replications, we 
observed 100% or 0% survival, and tests were repeated when we observed intermediate results 
(often suggesting poor inoculation) and checks did not perform as expected.  Based on the nine 
races evaluated, LG08-9039 has an identical profile to lines with the Rps1k allele, while LG09-
12191 has a profile matching Rps1a. 
An allelism test was also done for LG08-9039 to determine whether its allele was allelic to the 
Rps1 locus, using a cross with the Williams Rps1a isoline, L88-8470.  We did not observe an F2 
15:1 segregation ratio (p=0.009), providing strong evidence that the allele from LG08-9039 is 
either closely linked or allelic to the Rps1 locus (Table 3.2).  The custom 1536 SNP GoldenGate 
array designed by Hyten et al. (2010) also provided further support for this observation.  
Differences in SNPs between Dwight and LG08-9039 were only observed near the Rps1 locus.  
However, we currently do not have data on the SNP markers for G. tomentella.  This confounds 
the interpretation of identical SNPs as either a lack of recombination or a lack of polymorphism 
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between the parents.  Furthermore, there was not enough power in our test to accurately 
determine whether this is a case of linkage or allelism.  Under allelism, we should theoretically 
expect all plants in the F2 generation to survive the allelism test.  However, deaths did occur, even 
in the LG08-9039 parent. 
While the allele of LG09-12191 has not yet been mapped, its profile suggests it may be the 
Rps1a allele. Since both alleles came from one G. tomentella parent, the possibility of two alleles 
at the same loci raises an interesting scenario.  G. tomentella is polyploid and the presence of 
homeologous loci on different genomes may explain such an occurrence.  The Rps1 locus is also 
complex and constitutes a gene cluster rather than a single gene (Bhattacharyya et al., 2005).  
Sequencing of Rps1k, for example, has revealed the presence of at least two paralogous genes 
(Gao and Bhattacharyya, 2008).  Thus, while unlikely due to tight linkage, recombination within 
the Rps1 locus could also explain the presence of two alleles.  The presence of the Rps1 locus in 
G. tomentella also suggests the locus may have an ancient origin.  Rps1a has also been found in 
G. soja (R.L. Bernard, retired USDA-ARS, Urbana, IL; personal communication). 
3.3.2 Sudden death syndrome 
G. max x G. tomentella lines were tested for resistance to sudden death syndrome using a 
layered inoculation method in the greenhouse.  Overall ANOVA results found a significant 
difference among lines (p<0.0001).  A Dunnett’s adjustment was performed to identify specific 
lines which we could declare significantly different from Dwight.  The results showing the nine 
lines selected for resistance based on an initial screening are in Table 3.3.  All nine lines had 
lower scores than Dwight, though only four were significantly different based on a Dunnett’s 
adjustment with an experiment-wise type I error rate of 0.05.  The improvement in resistance was 
moderate, with the best line, LG08-9138, improving the rating score by about 1.4 (on a scale of 1 
to 8), when compared to Dwight.  Still, the level of resistance in LG08-9138 was near that of 
Cordell and LS94-3207 which, in greenhouse testing, are considered moderately resistance 
cultivars (VIPS, 2010). 
3.4 Conclusions 
We were able to successfully hybridize G. max with its perennial relative, G. tomentella, and 
demonstrate the successful transfer of genes from G. tomentella conferring disease resistance for 
PRR and sudden death syndrome to G. max.  Two G. max x G. tomentella sources for PRR 
resistance were discovered, with resistance profiles identical to Rps1a (LG09-12191) and Rps1k 
(LG08-9039).  These sources provide a hypersensitive R-gene type response.  We confirmed 
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resistance from LG08-9039 was either allelic or tightly linked to the Rps1 locus.  Resistance to 
SDS was also observed in greenhouse tests.  Resistance of the best line (LG08-9138) was 
moderate, performing similarly to the best cultivar checks in our tests.  Notably, both of these 
lines, Cordell (Klein et al., 2004) and LS94-3207 (Schmidt and Klein, 2004), have performed 
well in field studies and are considered resistant in the field.  
These results demonstrate that G. tomentella can be hybridized with G. max to introduce new 
disease variation.  Other reports also show that G. max x G. tomentella lines display similar 
agronomic characteristics to Dwight.  Since Dwight possesses good agronomic characteristics and 
important traits such as SCN resistance, these lines could provide a useful resource to breeders for 
novel disease resistance. 
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3.5 Tables and Figures 
Table 3.1  Resistance profile of soybean lines evaluated with races of Phytophthora 
root rot (caused by Phytophthora sojae).  LG08-9039 (from BC2 06H1-3) and LG09-
12191 (from BC2 06H1-1) are G. max x G. tomentella lines, and have unknown 
alleles.   
Source Allele 
Phytophthora sojae Race 
1 3 4 7 25 26 28 30 33 
LG08-9039 Rps? R R R R S R S S S 
LG09-12191 Rps? R S S S S R  S S 
Dwight rps S S S S S S S S S 
Williams rps S S S S S S S S S 
Mukden Rps1a R S S S S R S S S 
Sanga Rps1b R R R R S S S S S 
Arksoy Rps1c R R S R S R R R S 
Kingwa Rps1k R R R R S R S S S 
PI 171442 Rps3a R R R S R S R S R 
PI 86050 Rps4 R R R S R S R S R 
PI 91160 Rps5 R R R S R S R S R 
Altona Rps6 R R R S R S R S R 
Harosoy Rps7 S S S S S  S  S S S 
PI 399073* Rps8 R R R R R        
R = resistant (>80% survival) 
S = susceptible (<20% survival) 
*PI 399073 was not tested in our experiments.  It is included here for reference.  Data were 
obtained from Burnham et al. (2003). 
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Table 3.2  Allelism test results for the Rps1 locus.  F2 plants of a cross between LG08-9039 (G. 
max x G. tomentella line) and L88-8470 (Williams Rps1a isoline) tested with Race 26.  A 15:1 
segregation ratio of survive:dead would suggest independent assortment between the LG08-9039 
resistance allele and Rps1a. 
  Survive Dead Χ2 (15:1) Pr > Χ2 
F2 L88-8470 x LG08-9039 184_ 3_ 6.83_ 0.009 
LG08-9039 16_ 1_   




Table 3.3  Disease ratings of Glycine max x G. tomentella lines selected for sudden death 
syndrome resistance.  Results are based on combined data from an initial two replication test and 
a subsequent eight replication test.  Adjusted p-values (Pr > t) are based on a two-way Dunnett’s 
adjustment for pairwise comparisons against Dwight.  95% confidence intervals of the mean are 
displayed.  Checks are listed in italics. 
Entry Classification* Disease Rating Estimate (1-8) Pr > t (Dunnett’s) 
PI567374 R 2.2 ± 0.5 <0.0001_________ 
Cordell MR 3.4 ± 0.5 <0.0001_________ 
LS94-3207 MR 3.5 ± 0.5 <0.0001_________ 
LG08-9138  3.6 ± 0.6 0.0035_________ 
LG08-9114  3.8 ± 0.5 0.0067_________ 
LG08-9105  3.9 ± 0.5 0.0067_________ 
LG08-9142  3.9 ± 0.5 0.0206_________ 
LG08-9113  4.1 ± 0.5 0.0504_________ 
LG08-13066  4.1 ± 0.5 0.0879_________ 
LG08-13071  4.2 ± 0.5 0.1703_________ 
Douglas MS 4.3 ± 0.7 0.5762_________ 
LG08-9128  4.4 ± 0.5 0.4645_________ 
LG08-13078  4.6 ± 0.5 0.9051_________ 
Dwight  5.0 ± 0.4 ____ 
Spencer S 6.4 ± 0.5 0.0002_________ 
*R = resistant, MR = moderately resistant, MS = moderately susceptible, 
S = susceptible.   
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CTAB method for DNA extraction 
CTAB extraction buffer 
300 µL  Buffer A 
300 µL  Buffer B 
1.25 µL  2-mercaptoethanol 
Buffer A 
228.6 mL  5 mol/L NaCl 
32.7mL  0.5 mol/L EDTA 
81.6 mL 1 mol/L Tris 
57.1 mL ddH2O 
Buffer B 
16 g cetrimonium bromide (CTAB) 
400 mL ddH2O 
10X TE Buffer 
10 mmol/L Tris, bring to pH 8.0 with HCl 
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Appendix B 
V8 Agar for Phytophthora maintenance 
60 mL V8 Juice 
0.9 g CaCO3 
1440 mL ddH2O 
Autoclave 15 min, then centrifuge 10 min.  Add: 
1.5 g  sucrose 
0.3 g  yeast extract 
30 g  agar 
Autoclave 20 min.  Plate in 150 x 15 mm petri plates. 
 
